A dult neurons of the CNS are among the most long-lived cells of the body and typically do not proliferate after injury. Being postmitotic, adult neurons are dependent on upholding genomic integrity for survival and function. 3, 24 The DNA of mammalian cells is constantly subjected to potentially harmful stresses, for example, ultraviolet irradiation and genotoxic chemicals, as well as ROS arising inside the cell as by-products of oxidative phosphorylation and other cellular processes. 15, 52 In the brain, the high level of oxidative respiration is accompanied by a large ROS production, which can cause a wide variety of oxidative DNA lesions. 4, 6, 25 It has been estimated that several thousand oxidative base alterations occur in each mammalian cell every day, and the rate of base loss in nerve cells may be as high as hundreds of thousands per day. 33, 41 The mammalian cell possesses several different mechanisms for the repair of DNA lesions. In direct repair, an altered base is repaired in situ. 52 Oxidative DNA damage, depurination/depyrimidination, and base deamiDelayed neuromotor recovery and increased memory acquisition dysfunction following experimental brain trauma in mice lacking the DNA repair gene XPA Object. This study investigates the outcome after traumatic brain injury (TBI) in mice lacking the essential DNA repair gene xeroderma pigmentosum group A (XPA). As damage to DNA has been implicated in neuronal cell death in various models, the authors sought to elucidate whether the absence of an essential DNA repair factor would affect the outcome of TBI in an experimental setting.
nation are to a large extent repaired by the base excision repair pathway, 10, 12, 15 in which a single altered base is removed and replaced with the correct nucleotide. 34, 52, 53 The most versatile DNA repair mechanism is the NER. In NER, several proteins cooperate in detecting DNA lesions, presumably through recognition of a distortion in the 3D DNA helix structure by the XPA protein, together with the single-stranded binding replication protein A. 1, 23, 60, 61 More than 20 different proteins are required for nucleotide excision repair activity, which has been demonstrated in neurons of the CNS as well as in other cell types. 1, 7, 61 The NER has a broad specificity range and is able to repair virtually all known types of DNA damage, including oxidative lesions. 8, 47, 52 Damage to the DNA and impaired DNA repair have been implicated in the pathogenesis of CNS injury and neurodegenerative disease, such as amyotrophic lateral sclerosis, 28 Down syndrome, 19 and Alzheimer disease. 35 Also, the hereditary DNA repair disorder XP is associated with neurological symptoms in a significant fraction of patients.
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Experimental TBI results in neuronal cell and tissue loss, as well as long-term neuromotor and cognitive deficits. 5, 16, 20, 36, 42, 54, [56] [57] [58] Although the exact mechanisms contributing to the posttraumatic sequelae are not fully understood, certain evidence suggests that increased ROS production plays an important role in the pathogenesis of TBI. 22, 55 Indeed, oxidative DNA damage and DNA strand breaks were demonstrated in the brain after experimental TBI. 11, 32 Experimental brain trauma is also accompanied by up-regulation of the p53 tumor suppressor, which is known to be activated by DNA damage and regulate DNA repair processes, as well as activation of the DNA repair protein poly(adenosine diphosphate ribose) polymerase (PARP). 31, 40, 43 These findings indicate that DNA damage-related processes may play a role in the posttraumatic brain.
To elucidate the possible role of an essential DNA repair protein in the pathogenesis of traumatic brain injury, we subjected genetically modified mice that lacked the XPA gene (XPA -/-) to CCI experimental brain trauma and compared the outcomes with those of wild-type mice (XPA +/+ ). We hypothesized that impaired DNA repair would result in more pronounced neurobehavioral deficits as well as increased cell and tissue damage after brain trauma.
Methods

XPA-Deficient Mice
The production of mice deficient in the XPA gene ("knock-out" mice) has previously been described. 13 Briefly, a deletion spanning exons 3 and 4 was introduced in the mouse XPA gene by homologous recombination in embryonic stem cells. Heterozygous XPA (XPA +/-) mice were obtained from crosses of chimeric mice with C57BL/6 mice, after which homozygous XPA (XPA -/-) offspring were obtained. A total of 14 back-crosses were performed to eliminate genetic background differences. These mice develop normally and show no signs of neurological abnormalities, at least until the age of 13 months, and their brains appear histopathologically normal. 13 Wildtype C57BL/6 mice of corresponding age and weight were obtained from Harlan Laboratories. Mice were housed in a temperature-and humidity-controlled animal housing unit and were maintained at a 12/12-hour light/dark cycle with free access to food and water.
Controlled Cortical Impact Brain Injury
All animal procedures were carried out in accordance with the NIH Guide for the Care [n = 18]) C57BL/6 mice were anesthetized with sodium pentobarbital (65 mg/kg intraperitoneally) and placed in a stereotactic frame. A sagittal scalp incision was made, and a plastic disc (4 mm in diameter) was attached to the center of the left parietal bone, as previously described.
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Using the plastic disc as a guide, a trephine was used to perform a craniotomy (5 mm in diameter) in the center of the left parietal bone. After removing the bone flap and assessing the integrity of the underlying dura, the mice were removed from the stereotactic frame and were allowed to rest until the time of injury. The rest period was used to ensure that time to injury after induction of pentobarbital anesthesia was uniform between mice, as pentobarbital is known to be protective in TBI. 58 Fortyfive minutes after induction of anesthesia, the mice were placed in a headholder and were subjected to CCI brain injury. This model of experimental brain injury was originally described in the rat by Dixon et al. 17 and was subsequently modified for use in the mouse. 58 The impactor tip had a diameter of 3 mm, and it was positioned over the center of the exposed dura at an angle of 20° from vertical. Injury was produced using an impact velocity of 5.0-5.4 m/second with the impactor penetrating 1.0 mm into the brain parenchyma. After injury, cranioplasty was performed using a small plastic disc, which was fixed with non-heat-generating tissue glue. The skin was sutured, and the mice were allowed to recover until moving around freely before being returned to their cages. Shaminjured mice (XPA +/+ [n = 9], XPA -/-[n = 9]) were anesthetized and surgically prepared as described above, but they did not receive any brain injury. The mice were kept on a heating pad with temperature feedback through a rectal probe (37°C) at all times during the surgical procedures and after injury, until they were returned to their cages. In a subset of sham-operated and injured XPA-deficient and wild-type mice (XPA +/+ [n = 9]; XPA -/-[n = 11]), the rectal temperature was recorded 24 hours postinjury to exclude any differences between genotypes that might affect outcome.
Composite Neuroscore Test
Neuromotor function was assessed using a composite neuroscore as previously described. 46 The mice were tested by an observer blinded to the injury status and genotype of the mice 1 day before injury (baseline) and 48 hours and 1, 2, 3, and 4 weeks postinjury. Mice were scored on an integral scale in which 0 (severely impaired) to 4 (normal function) points were assigned for resistance to lateral pulsion and right forelimb flexion when suspended by the tail. Right hindlimb extension and toe spread were examined on elevation of the lower body, and 0 (severely impaired) to 3 (normal function) points were assigned. In addition, the ability of mice to stand on an inclined plane ("angle board") for at least 5 seconds in each of 4 directions (mice facing up, down, left, and right) was determined. The maximal angle at the different postinjury time points was noted and compared with preinjury (baseline) angles. A score was then assigned based on the decrease from baseline angle in degrees, where 4 = 0° change, 3 = 2.5° change, 2 = 5° change, 1 = 7.5° change, and 0 = 10° change or greater. Each of the 4 directions was scored separately, after which a mean was calculated, giving a maximum score of 4. A composite neuroscore was calculated by adding individual tests (lateral pulsion, forelimb function, hindlimb function, and angle board tests), giving a maximum composite score of 15.
Rotarod Test
The Rotarod test, originally described in the rat 27 and subsequently adapted for the mouse, 46 was used in this study. The mice were placed on a motor-driven rod that accelerated from 5 rpm at 2 different paces: 5 rpm/10 seconds ("slow" paradigm) and 17.3 rpm/10 seconds ("fast" paradigm). The time (latency) from start of rotation until the mouse fell off, or stopped walking and held on to the rod until reaching the lowest point, was recorded. Twenty-four hours before injury, the mice were acclimated to the Rotarod device, and a baseline latency for each mouse was established. In the "fast" paradigm, 4 trials were allowed, and the longest and shortest latencies were excluded to mitigate the effect of an mouse sometimes falling off the device by random. 46 After this, an average of the 2 remaining values was calculated. In the "slow" paradigm, 2 trials were allowed, and an average of the 2 latencies was calculated. The same procedure was used for postinjury testing of the mice. The mice were tested 48 hours and 1, 2, 3, and 4 weeks postinjury. The time each mouse spent on the rod was recorded and noted as percent of baseline latency, as previously described. 54 
Morris Water Maze
Memory (retention) dysfunction was tested using the MWM as previously described. 39, 57, 58 Prior to injury, the mice were trained in finding a submerged platform in a circular water pool (1 m in diameter) with a water temperature of 18°C-20°C. The water was made opaque with nontoxic white paint, and visual cues were placed around the pool for orientation. The mice were allowed a total of 20 training trials on 2 consecutive days before injury (10 trials each day), and they were placed in the maze at 1 of 4 sites separated by 90° around the periphery of the pool. The time to find the hidden platform was recorded, with a maximum allowed latency of 60 seconds. On the 2nd day, 2-4 hours after the last training trial, the mice were subjected to CCI brain injury or sham surgery, as described above. Seven days postinjury, the mice were tested in the water maze, with the platform removed, and the time spent in different zones, concentrically located around the platform site, was monitored using a computerized video system (Omnitech Videoscan, Inc.). Two probe trials, in which the mice were placed at 2 different sites separated by 90° at the periphery of the water maze, were performed. The test time was 60 seconds, and the mice were assigned a score based on both the time it took to locate the platform site, as well as the time spent in each zone. The different zones located concentrically around the platform site were ranked in a weighted fashion according to their proximity to this site, as previously described. 57 Learning (acquisition) was tested 4 weeks posttrauma by allowing each mouse a series of trials during 2 days, similar to what was described above for preinjury training. The location of the submerged platform and all the visual cues had been changed for this test. A total of 20 trials were allowed (10 trials each day), and the time (latency) the mice needed to find the hidden platform was recorded. The maximal allowed test time was 60 seconds. The sum of the latencies (total latency) recorded on Day 2 was calculated for each mouse. A similar procedure has previously been described in brain-injured rats. 44 
Histopathologic Analysis
Seven days (n = 24) or 4 weeks (n = 31) postinjury, the mice were over-anesthetized with sodium pentobarbital (200 mg/kg intraperitoneally) and were transcardially perfused with phosphate-buffered 4% paraformaldehyde. After postfixation for 24 hours, the brains were removed, processed, and embedded in paraffin. Coronal sections (6 mm) were prepared and mounted on glass slides. For analysis of lesion volume, 7 coronal sections from each mouse were chosen between 0.2 and 3.8 mm posterior to bregma 21 and were stained with H & E. In each section, the cortical tissue areas ipsi-and contralateral to the site of injury were measured using a light microscope with computerized image analysis software (C.A.S.T.-GRID, Olympus, Inc.). Damaged tissue surrounding the cortical cavity, as characterized by minimal or no H & E staining, and no or very few viable neurons, was not included. The lesion area was calculated by subtracting the ipsilateral tissue area from the contralateral tissue area in each section. The lesion volume of each brain was subsequently calculated by integration of lesion area with the distance between the sections, as previously described. 46 For analysis of thalamic neuronal loss, coronal sections at 1.8 mm posterior to the bregma were taken from each brain and were stained with toluidine blue. Healthy neurons with a round appearance, which exhibited cytoplasmic and nucleolar (but not nuclear) staining, were counted in the thalamus ipsilateral to the site of injury by an observer blinded to the genotype and injury status of the mice. Shrunken neurons that exhibited intense staining throughout the cell body, including the nucleus, were deemed "injured" and were not counted. A mean of the sum of healthy neurons in the dorsal and ventral lateral geniculate, mediodorsal, posterior, and central lateral nuclei was calculated for each group (400 magnification). For analysis of hippocampal cell loss, coronal sections at 1.8 mm posterior to the bregma were stained with tolu-idine blue and were examined by light microscopy. Hippocampal injury was evaluated by 2 examiners blinded to the injury status and genotype of mice, and different regions were assigned a score as previously described. 46 Briefly, the CA1 and dentate gyrus regions were assigned 3 points for appearance similar to sham-injured mice, 2 points if the cell layer was markedly thinned, and 1 point if there were apparent gaps in the cell layer. The CA3 region was scored accordingly, except that 4 points were assigned for appearance similar to sham, 3 points if the cell layer was thinned, 2 points if gaps were present, and 1 point if the CA3 was absent through more than 50% of its length.
Doublecortin Staining
To investigate differences in neurogenesis between mice, immunohistochemical staining of a paraffin section was conducted using a goat anti-mouse doublecortin antibody (dilution 1:20). Sections were deparaffinized in xylene and were then gradually hydrated into phosphatebuffered saline. Antigen retrieval was done by incubating sections in a citric acid buffer in a water bath (95°C-100°C) for 15-20 minutes. After rinsing and treatment in 3% hydrogen peroxide/10% methanol, the sections were incubated overnight with goat anti-doublecortin 1:20 in 5% normal rabbit serum in 0.25% Triton-X in phosphatebuffered saline at 4°C, followed by incubation with a secondary biotinylated rabbit anti-goat antibody (dilution 1:300) for 2 hours. Subsequently, the sections were treated in avidin-biotin complex for 1.5 hours and then in NiCl-3,3ʹ-diaminobenzidine tetrahydrochloride solution for appropriate staining. Counting of doublecortinimmunoreactive cells in the dorsal blade of the dentate gyrus at bregma was performed in a blinded manner.
Statistical Analysis
For comparison of composite neuroscores, Rotarod and MWM (memory/retention) test results, as well as hippocampal damage and a Kruskal-Wallis nonparametric test, followed by a Mann-Whitney test for comparisons between individual groups, were used. For comparisons of MWM learning latencies (acquisition), as well as thalamic cell count, a 1-way ANOVA followed by a Scheffé post hoc test for comparison between groups was used. For comparison of cortical lesion volumes, an unpaired Student t-test followed by Bonferroni correction for multiple comparisons was performed. For comparison of doublecortin immunoreactive cells, an unpaired Student t-test was used. For preinjury mouse body weight and postinjury body temperature (24 hours), an unpaired Student t-test was used. For comparison of swim speed in the MWM 1 week postinjury, an ANOVA test was used. In all tests, a p < 0.05 was considered significant.
Results
Body Weight and Temperature
The mice in this study weighed 25. Fig. 1 ). However, no differences were observed between brain-injured XPA +/+ and XPA -/-mice at this time point. A similar pattern was observed at 1 week posttrauma (Fig.  1) . Two weeks after the insult, the neuroscore of injured XPA +/+ mice was not significantly different from that of sham-injured XPA +/+ mice. In contrast, injured XPA -/-mice still exhibited significant neuromotor deficits at this time point compared with sham-injured XPA -/-mice (p = 0.002, Fig. 1 ). Three and four weeks after experimental brain trauma, no difference in composite neuroscore was detected between brain-injured and sham-operated XPA +/+ and XPA -/-mice (Fig. 1) . Note that groups contain fewer mice after 1 week, as a subgroup of mice was killed for histological evaluation at this time point.
Rotarod Test
Preinjury performance (baseline) in the Rotarod test was significantly poorer for XPA -/-mice compared with XPA +/+ mice, in the "slow" as well as the "fast" paradigm (Student t-test, data not shown). Postinjury comparisons were therefore made by recording the time each mouse spent on the rod (latency) as percentage of its baseline latency, as previously described. 54 In the "fast" Rotarod paradigm, brain-injured XPA +/+ and XPA -/-mice performed significantly worse than sham-operated ones 48 hours postinjury (p = 0.0004 and 0.02, respectively; Fig.  2 ). One week after the insult, XPA +/+ mice did not perform significantly worse in this task than sham-injured mice of the same genotype. In contrast, brain-injured XPA -/-mice still performed worse than sham-operated ones (p = 0.04, Fig. 2) . No difference between injured mice of the 2 genotypes, however, was observed. No differences between brain-injured and sham-operated XPA +/+ and XPA -/-mice were detected 2, 3, and 4 weeks after the insult (Fig. 2) . In the "slow" Rotarod paradigm, both XPA +/+ and XPA -/-brain-injured mice performed significantly worse than sham-operated mice of the same genotype up to 1 week postinjury (data not shown). No difference between injured mice of the 2 genotypes was observed.
Morris Water Maze
During the 2nd day of preinjury training, uninjured XPA -/-mice needed significantly longer time on average to find the platform than uninjured XPA +/+ mice (p = 0.005, Student t-test [data not shown]). Also, 1 week postinjury, sham-operated XPA -/-mice attained significantly lower MWM memory scores (retention) than sham-operated XPA +/+ ones (p = 0.02, Fig. 3 ). Brain-injured XPA +/+ and XPA -/-mice attained significantly lower memory scores than sham-operated mice of the respective genotype (p = 0.002 and 0.01, Fig. 3 ). There was, however, no difference between injured XPA +/+ and XPA -/-mice in this test (Fig.  3 ). These differences in MWM memory scores could not be explained by differences in swim speed, as this was the same (on average 0.2 m/second) in both genotypes for both injured and sham-operated mice (p = 0.46, ANOVA).
In the MWM spatial learning task 4 weeks after the traumatic insult, brain-injured XPA -/-mice exhibited a significantly longer total latency before finding the platform than sham-operated XPA -/-or XPA +/+ mice (p = 0.002 and 0.0002, respectively; Fig. 4 ). In this test, braininjured XPA -/-mice also performed significantly worse than injured XPA +/+ mice (p = 0.0004). In contrast, braininjured XPA +/+ mice did not perform any differently from sham-operated mice of the same genotype. There was also no difference between sham-operated mice of the 2 genotypes.
Cortical Injury
No cortical tissue loss was detected in any of the uninjured control mice (data not shown). At 1 and 4 weeks after brain injury, there was no difference in cortical lesion volume between brain-injured XPA +/+ and XPA -/-mice (p > 0.05, Fig. 5 ).
Hippocampal Injury
No hippocampal damage was observed in shamoperated XPA +/+ and XPA -/-mice at 1 or 4 weeks after TBI (Figs. 6 and 7) . Also, no damage was observed in the hippocampus contralateral to the site of injury in any of the brain-injured mice (data not shown). One week after CCI brain trauma, brain-injured XPA +/+ and XPA -/-mice exhibited significant damage in the CA1, CA3, and dentate gyrus hippocampal regions, as measured using the hippocampal injury score (Fig. 6) . However, there was no difference between the 2 genotypes in any of the regions. Four weeks after brain injury, no significant damage was detected in any hippocampal region of brain-injured XPA +/+ and XPA -/-mice when compared with sham-operated mice (Fig. 7) .
Thalamic Cell Loss
Significantly decreased numbers of viable cells in the thalamus were observed ipsilateral to the site of impact in brain-injured XPA +/+ and XPA -/-mice 1 week after TBI compared with noninjured mice (p = 0.0004 and 0.02, respectively; Fig. 8 ). There was, however, no difference in the cell count between injured XPA +/+ and XPA -/-mice. Four weeks after brain trauma, brain-injured XPA +/+ mice exhibited significantly fewer healthy cells in the thalamus than sham-operated XPA +/+ ones (p = 0.006, Fig. 8 ). The number of healthy-appearing cells in injured XPA -/-mice was also decreased compared with sham-operated ones, although this difference was not statistically significant.
Doublecortin Staining
In the dorsal blade of the dorsal rat hippocampus the mean number of doublecortin-positive cells was not significantly different between injured XPA +/+ (15 ± 6 cells) and XPA -/-(12 ± 3 cells) mice (Student t-test).
Discussion
The present study shows that the lack of the nucleotide excision DNA repair gene XPA results in delayed recovery in sensorimotor function and impaired spatial learning after experimental brain trauma in mice. Brain injury resulted in a marked loss of cortical tissue, pronounced hippocampal damage, and thalamic cell loss. The extent of brain injury was not affected in the XPA -/-mice compared with XPA +/+ mice. Neurogenesis, measured by the number of doublecortin-positive neurons, was also not affected. 
XPA and Neuronal Death
In patients with XP, cerebral atrophy, as well as degeneration of peripheral nerves, has been observed. 37, 38, 50 In addition, TUNEL positivity has been observed in granule cells of the cerebellum in patients with XP.
29 It thus appears that the lack of XPA may result in decreased neuronal viability, especially after DNA damage. In the present study, we did not detect any difference in cortical cavity size or thalamic cell loss between XPA +/+ and XPA -/-mice when measured 1 and 4 weeks postinjury (Figs. 5 and 8 ). This suggests that the delayed recovery of neurological function observed in XPA -/-mice after TBI is not the result of increased cortical or thalamic damage.
In the hippocampus, significant damage was detected ipsilateral to the site of injury at 1 week of recovery (Fig.  6) as reported earlier. 46, 58 In the present study, there was no difference in hippocampal damage between brain-injured XPA +/+ and XPA -/-mice at 1 and 4 weeks of recovery ( Fig. 6 and 7) , suggesting that the decreased performance in spatial learning (MWM) found in XPA -/-mice was not the result of increased hippocampal damage.
While neuromotor and cognitive deficits after brain trauma are clearly related to decreased cell viability in the CNS, the effects of various treatment paradigms and genetic modifications on histopathological and neurobehavioral outcome do not always correlate. 18, 26, 46, 51, 59 These findings indicate that the extent of histopathological damage per se is not a reliable predictor of functional outcome after CNS injury. In the posttraumatic XPA -/-brain, it is thus possible that a subset of cells with intact morphology, at least at the time points studied, are functionally impaired, which results in the observed delay in neuromotor recovery and impaired cognitive ability. 
DNA Repair and Neurogenesis
Depression of neurogenesis in the dentate gyrus of the hippocampus has been associated with impaired performance in cognitive tasks including memory tests, and the reduced number of doublecortin-positive progenitor cells in the dentate gyrus has been shown to correlate to worsened outcome in experimental brain injury. 45 In the present study, loss of the XPA DNA repair gene did not influence the number of doublecortin-positive cells in mice subjected to brain trauma. As the microtubule-associated protein doublecortin is a marker for neurogenesis, 9 these findings suggest that reduced neurogenesis in the dentate gyrus does not explain the impaired performance in spatial memory tests observed in XPA -/-mice.
XPA and Neurological Symptoms
The XPA-deficient mice used in this study show signs of increased tumor frequency after exposure to chemical carcinogens and ultraviolet irradiation. Hence, the NER system is important for cell survival, when the integrity of the DNA is challenged by external damaging stress. Apparently, this is not the case when the brain is subjected to TBI. While no histopathological signs of neurodegeneration are observed in naive XPA-deficient mice, (Figs. 1 and 2 ). These findings indicate slower functional recovery in XPA-deficient mice after experimental TBI, suggesting that XPA plays a role in the recovery of neuromotor function in the posttraumatic brain. In the MWM test of spatial memory retention at 1 week postinjury, sham-operated XPA -/-mice achieved significantly lower scores than sham-operated XPA +/+ mice (Fig.  3) . This observation is consistent with the observation that naive XPA-deficient mice needed a longer time to locate the hidden platform in the water maze than wild-type mice during preinjury training (see above), indicating that XPA-deficient mice might be cognitively impaired compared with mice with intact XPA. Four weeks after brain injury, brain-injured XPA -/-mice exhibited markedly longer learning (acquisition) latency (Fig. 4) , indicating that lack of the DNA repair factor XPA results in prolonged, or progressive, cognitive deficits after TBI. This suggests that lack of the XPA proteins affects synaptic transmission and brain plasticity in normal as well as in the damaged brain, and may represent a new function of the XPA protein in addition to its role in NER. 
Conclusions
Our findings suggest that after experimental TBI, DNA repair activity (NER) has no influence on cell viability, but that the XPA protein may play a role in the recovery of cellular and neurological function following the insult. 
